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SPECIFICATION 

Electronic Version 1 .2.8 
Stylesheet Version 1 -0 

FIN-TYPE RESISTORS 

Background of the Invention 

[000 1 ] Field of the Invention 

[0002] The present invention relates to semiconductor device manufacturing, and more 

particularly to a method of forming a resistor within a thin vertically oriented semiconductor 
body (Fin) as well as the semiconductor structure this Is formed by the Inventive method. 
The present invention also provides a method of controlling the resistance of a plurality of 
vertically oriented semiconductor bodies as well as a method to eliminate the nominal 
variation on the Fin thickness from the variation on threshold voltage. 

[0003] Over the past twenty-five years or so, the primary challenge of very large scale 

Integration (VLSI) has been the integration of an ever-increasing number of metal oxide 
semiconductor field effect transistor (MOSFET) devices with high yield and reliability. This 
was achieved mainly in the prior art by scaling down the MOSFET channel length without 
excessive short-channel effects. As is known to those skilled In the art, short-channel 
effects are the decrease of threshold voltage Vt In short-channel devices due to two- 
dimensional electrostatic charge sharing between the gate and the source/drain diffusion 
regions. 

[0004] To scale down MOSFET channel lengths without excessive short-channel effects, gate 
oxide thickness has to be reduced while increasing channel-doping concentration. However, 
Yan, et al., "Scaling the Si MOSFET: From bulk to SOI to bulk", IEEE Trans. Elect. Dev.. Vol. 39, 
p. 1 704, July 1 992, have shown that to reduce short-channel effects for sub-0.05 pm 
MOSFETs, it is important to have a backside-conducting layer present in the structure that 
screens the drain field away from the channel. The Yan, et al. results show that double- 
gated MOSFETs and MOSFETs with a top gate and a backside ground plane are more immune 
to short-channel effects and hence can be scaled to shorter dimensions than conventional 
MOSFETs. 
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[0005] The structure of a typical prior art double-gated MOSFET consists of a very thin vertical 
Si layer (Fin) for the channel, with two gates, one on each side of the channel. The term "Fin" 
is used herein to denote a semiconducting material which is employed as the body of the 
FET, The two gates are electrically connected so that they serve to modulate the channel 
Short-channel effects are greatly suppressed in such a structure because the two gates very 
effectively terminate the drain field line preventing the drain potential from being felt at the 
source end of the channel. Consequently, the variation of the threshold voltage with drain 
voltage and with gate length of a prior art double-gated MOSFET is much smaller than that 
of a conventional single-gated structure of the same channel length. 

[0006] Resistors are devices that have electrical resistance associated therewith. Resistors are 
typically employed in an electrical device for protection, operation and/or current control. 
Hence, resistors play an important part In current analog and digital circuit designs, To date, 
however, there are no known Fin structures that include a resistor built within the Fin of the 
structure. Using a Fin-based technology would require a redesign of current CMOS 
(complementary metal oxide semiconductor) resistor schemes for buried resistors (BRs), 
overpass resistors (Ops) and silicide resistors. 

[0007] In view of the above, there is a need for providing Fin structures which include a resistor 
built within the thin vertical semiconductor body of the structure that do not require 
redesign of current CMOS resistor schemes. 

Brief Summary of the Invention 

[0008] One object of the present invention Is to provide a method of fabricating a Fin structure 
having a resistor formed within a thin vertically oriented semiconductor body of the Fin 
structure. 

[0009] A further object of the present invention is to provide a method of fabricating a Fin 
structure having a resistor formed within a thin vertically oriented semiconductor body of 
the Fin structure that can be easily implemented with various CMOS resistor design layouts 
such as buried resist rs, overpass resistors and silicide resistors. 

[001 0] An even further object of the present invention is to provide a method of controlling the 
resistance of a plurality of vertically oriented semiconductor bodies. 
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[001 1 ] A yet even further object of the present invention is to provide a method which is 
capable of eliminating the nominal variation on the Fin thickness from the variation on 
threshold voltage. 

[0012] These and other objects and advantages are achieved in the present invention by 

utilizing an off-axis implant step to implant dopant ions into exposed vertical surfaces of a 
thin vertically oriented semiconductor body of a Fin structure such that the concentration 
and energy employed during the Implant step is sufficient enough to penetrate into the 
surface of the vertically oriented semiconductor body without saturating the semiconductor 
body. 

[001 3] Specifically, and in one aspect, the present invention relates to a method of forming a 
resistor within a Fin structure. Specifically, the method of forming the resistor in such a 
structure includes the steps of: 

[001 4] forming at least one vertically oriented semiconductor body having exposed vertical 
surfaces on a substrate; 

[001 5] implanting dopant ions into said exposed vertical surfaces of said at least one 

semiconductor body off-axis at a concentration and energy sufficient to penetrate Into said 
exposed vertical surfaces of said at least one semiconductor body without saturation; and 

[001 61 forming contacts to said at least one semiconductor body. 

[001 7] The above processing steps result in the formation of a Fin structure which includes a 
resistor present within the at least one vertically oriented semiconductor body. Specifically, 
the inventive Fin structure comprises; 

[001 8] a structure having at least one vertically oriented semiconductor body present thereon, 
wherein said at least one vertically oriented semiconductor body has vertical surfaces; 

[001 9] a doped region present in said at least one vertically oriented semiconductor body that 
extends inward from said vertical surfaces; and 

[0020] contacts present on outer p rtions of said at least one vertically oriented semiconductor 
body. 
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[0021] In some embodiments of the present invention, the structure includes a masking layer 
which protects predetermined portions of said at least one vertically oriented semiconductor 
body, while leaving said contacts exposed, It is noted that the resistor element of the 
present invention includes the doped region as well as the contacts which are formed within 
the semiconductor body of the structure. 

[0022] Another aspect of the present invention relates to a method of controlling the resistance 
of a plurality of vertically oriented semiconductor bodies, each having exposed surfaces and 
different widths. Specifically, this aspect of the present invention comprises the steps of: 

[0023] forming a structure having a plurality of vertically oriented semiconductor bodies on a 
substrate, each of said bodies having exposed vertical surfaces and differing widths; and 

[00241 implanting dopant ions off-axis into said plurality of vertically oriented semiconductor 
bodies at a concentration and energy sufficient to penetrate into exposed vertical surfaces 
of said plurality of vertically oriented semiconductor bodies without saturating each 
semiconductor body. 

[0025] In some embodiments, an activation-annealing step follows the implant step so as to 
diffuse the dopant ions from the vertical surfaces of each semiconductor body. In such 
cases, the thicker semiconductor bodies have a first dopant concentration and thinner 
semiconductor bodies have a second dopant concentration, wherein the first dopant 
concentration is lower than said second dopant concentration. 

Brief Description of the Several Views of the Drawings 

[0026] FIGS 1 A-l F are pictorial views showing the inventive integrated Fin/resistor structure 
through various processing steps of the present invention. 

[0027] FIGS 2-3 are pictorial representations (thorough a cross-sectional view) showing various 
resistor layouts of the inventive Fin structure. 

[0028] FIG 4 is a pictorial representation (through a cross-sectional view) showing an 
alternative resistor layout of the present invention. 

Detailed Description of the Invention 
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(0029] The present invention, which provides a method of fabricating a Fin structure which 
includes a resistor formed within a portion of at least one patterned vertically oriented 
semiconductor body, will now be described in greater detail by referring to the drawings 
that accompany the present application. 

[0030] Reference is first made to FIGS 1 A-1 F which illustrate various processing steps that are 
employed in the present invention in fabricating a Fin structure which includes a resistor 
formed within a portion of the Fin, i.e., the thin vertically oriented semiconductor body. FIG 
1 A shows an initial structure that is employed in the present invention in fabricating the 
inventive integrated Fin/resistor structure. Specifically, FIG 1 A shows a structure that 
includes substrate 10 having a patterned stack comprising a semiconductor body region, 
I.e., Fin, 12, and hard mask 14 present atop substrate 10. It is noted that Fin 12 is a 
vertically oriented semiconductor body which includes exposed vertical surfaces and a top 
horizontal surface which is protected by hard mask 14. In FIG 1A ? reference numeral 13 
denotes the exposed vertical surfaces of the Fin. Although the present invention shows only 
one patterned stack atop the substrate, the inventive method works well in cases where a 
plurality of patterned stacks having the same or different widths are present atop the 
surface of substrate 1 0. 

[0031] The substrate includes upper portion 10u which is comprised of an insulating material 
such as an oxide, nitride, oxynitride or multilayers thereof, and bottom portion 10b which is 
comprised of a semiconducting material such as Si. Note that regions 1 0 and 1 2 may be part 
of an SOI (silicon-on-insulator) material wherein region lOu is a buried oxide layer which is 
sandwiched between semiconducting materials 10b and 12. Alternatively, layers 10u and 12 
are layers which are separately deposited atop a semiconductor substrate. 

[0032] The semiconductor body, I.e., Fin region i 2, is comprised of any semiconducting 

material such as single crystalline Si or SiGe and the hard mask is comprised of an oxide, 
nitride, oxynitride or multilayers thereof. The vertical thicknesses of semiconductor material 
layer 12 (i.e., Fin 12) and the hard mask are not critical to the present invention. Typically, 
semiconductor body 1 2 has a vertical thickness of from about 300 to about 2000 A, whereas 
the hard mask has a vertical thickness of from about 1 00 to about 1 000 A. 
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[0033] The structure shown in FIG 1 A is fabricated utilizing conventional pr cesses well known 
to those skilled in the art. For example, hard mask 14 is formed atop a layer of 
semiconducting material by utilizing a conventional deposition process such as chemical 
vapor deposition (CVD) f plasma-assisted CVD, or chemical solution deposition. Alternatively, 
hard mask 14 may be grown on semiconductor body 12 (i.e., Fin 12) utilizing a conventional 
thermal oxidation, nitridation or oxynitridation process well known to those skilled in the 
art. 

[0034] Following formation of the hard mask material on semiconductor body 1 2 f the structure 
is subjected to conventional lithography (including applying a photoresist to the hard mask, 
exposing the photoresist to a pattern of radiation, and developing the pattern Into the 
photoresist using a conventional resist developer) and dry etching such as reactive-ion 
etching, ion beam etching, plasma- etching or laser ablation. The etching step may include a 
single etching process or multiple etching processes using one or more of the above 
mentioned dry etching processes may be employed to provide the structure illustrated in FIG 
1 A- After etching, the photoresist is removed from the structure utilizing a conventional 
stripping process well known to those skilled in the art. 

[0035] With hard mask 1 4 protecting the top horizontal surface of vertically oriented 

semiconductor body 12, i.e., the Fin, the structure shown in FIG 1 A is then subjected to an 
off-axis implant step where dopant ions (labeled as 1 6) are implanted into the exposed 
vertical surfaces of the semiconductor body to form doped region 1 8 within the 
semiconductor body. This step of the present invention is shown in FIG 1B. Note that this 
doped region extends inward from the vertical surfaces of the semiconductor body and that 
the doped region together with the contacts regions to be subsequently formed form the 

- resistor of the present invention. Specifically, doped region 18 is.formed.imeach exposed 

vertical surface of the semiconductor body using implant conditions in which the dopant 
concentration and implant energy is sufficient to penetrate into the exposed vertical 
surfaces of the semiconductor body without saturating the semiconductor body. 

[0036] It is noted that the phrase "deep enough to penetrate the surface of the semiconductor 
body, without saturating the semiconductor body" denotes that the dopant ions used In the 
above-identified implant step are not implanted entirely through the semiconductor body. 
Hence, in the off-axis implant step of the present invention, the dopant ions are implanted 
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so as to form implant regions which are predominately located near the vertical sidewalls of 
the semiconductor body; the implant regions do not extend into the interior portl n of the 
semiconductor body. With very thin Fins, it would be quite easy to implant dopant ions such 
that the Fin has a fairly uniform dopant concentration all the way through the Fin ("saturated 
Fin"). However, saturated thin Fins would result in a resistor whose resistance is heavily 
dependent on Fin thickness. A low energy, off-axis implant would result In a vertical skin of 
doped semiconductor body on the outside surface of all Fins. The depth and concentration 
of those "skins" would all be approximately equal, resulting in a substantially identical total 
dopant dose in each Fin. However, after annealing, the thicker Fins would have that dopant 
dose distributed over a thicker Fin, resulting in a lower final dopant concentration. The 
thinner Fins would have the same identical dose distributed less over the thin semiconductor 
body, resulting in a higher concentration. Hence, the implant step of the present invention 
removes thickness dependence from the resistance. 

[0037] Specifically, an angled implant is performed at a low energy so that the doped region 
stops at a predetermined point within the semiconductor body. This compensates the 
dependence of resistance on Fin thickness. The angled implant performed in the present 
invention works well to modulate resistivity as a function of Fin thickness. Avery low energy 
* angled implant is first performed to deposit a fixed concentration of dopant ion into a very 
shallow surface on the sidewalls of the Fin, The Fins are then annealed to disperse the 
dopant through the Fin. In a thicker than nominal Fin, the dopant can diffuse further in 
resulting in a lower than nominal bulk dopant concentration over a thicker than nominal Fin. 
In a thinner than nominal Fin, the dopant has nowhere to diffuse to, resulting in a higher 
than nominal bulk dopant concentration, In a thinner than nominal Fin. Since resistance is 
determined (in a linear direct proportionality) by both resistivity (determined by dopant 
concentration) and cross sectional area (of which thickness is a component), both Fins will 
have nearly the same resistance per unit length. Thus, this step of the present invention 
eliminates the nominal process variation on Fin thickness from the variation on Fin 
resistance. 

[0038] This technique also allows one to more heavily dope the "bodies" of thinner than 

nominal Fins, and more lightly dope the "bodies" of thicker than nominal Fins. The threshold 
voltage and subthreshold conduction of a symmetric gate Fin (both gate electrodes having 
the same workfunction) are both determined, in a different manner than above, by the same 
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two parameters. Thus, this off-axis implant step of the present invention also serves to 
eliminate the nominal process variation on Fin thickness from the variation on threshold 
voltage. 

[0039] In accordance with the present invention, the angled implant used In forming doped 
region 1 8 is performed such that the projected range of implant is typically V* of the way 
through the Fin. The dose of the implant can be used to adjust the resulting nominal 
resistance. It is noted that the dopant ion employed at this point of the present invention 
may be either an n-type dopant or a p-type dopant. 

[0040] This implant step may be carried out using a maskless or masked ion implantation 

process. When a masked ion implantation process is employed in the present invention, the 
exposed surface of substrate 1 0 Is protected by a mask that is capable of preventing the 
dopant ions from penetrating into the exposed surface of substrate 1 0. 

[0041] In practice this Implant step can be carried out as follows. For the nFET a boron 

difluorlde species would be implanted at a dose between 8 E 1 1 and 4 E 1 2 per cm2 (that is, 
between 8 times 1 0 to the 1 1 th power and 4 times 1 0 to the 1 2 th power per square 
centimeter on the fin surface). For the pFET an arsenic species would be implanted at a dose 
between 5 El 1 and 2 E 12 per cm2. For a resistor an arsenic species would be implanted at a 
dose between 5 E 1 4 and 2 E 1 5 per cm2. These doses vary as a function of desired 
threshold voltage and the gate oxide thickness of the device. In all cases the implant energy 
would be between 0.8 and 1 0 Kev. The lower end of the energy range would be for Fins with 
thicknesses in the range of 2 to 5 nm; thicker Fins would be implanted at higher energy 
settings. In all cases the implants would be carried out at angles of between 20 and 45 
degrees off vertical, and would be carried out in two separate steps to implant each side of 
the Fin. 

[0042] Following the angled implant step, the structure is subjected to a conventional activation 
annealing process which serves to diffuse the dopant ions through the Fin to a 
predetermined depth which is dependent on the thickness of the Fin as well as the 
concentration of the dopant ion. Specifically, the activation annealing step is performed in 

an inert atmosphere such as He, Ar or a mixture thereof at a temperature f about 700 C or 
higher for a time period of about 1 minute or greater. More preferably, the activation 

annealing is performed at a temperature of from about 800 to about 1 050 C for a time 
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period of from about 2 sec nds to about 20 mi nutes. 

[0043] Next, patterned masking layer 20 is formed atop a portion of the structure shown in FIG 
1 B so as to provide the structure shown, for example, in FIG 1C Note this resultant structure 
still contains the patterned stack (hard mask 14 and semiconductor body 1 2) and that 
patterned masking layer 20 protects a portion of the patterned hard mask and 
semiconductor body, while leaving end portions of the patterned stack exposed- 

[0044] Specifically, the masking layer which is composed of a conductive material or a non- 
conductive material such as a nitride is formed atop the entire structure shown in FIG IB 
utilizing a conventional deposition process wel I known to those skilled in the art, A 
photoresist, not shown, is applied to the masking layer, and conventional lithography and 
etching are employed in forming the patterned masking layer. After the etching step, the 
photoresist Is removed from the structure providing the structure illustrated in FIG 1C. 

[0045] At this point of the inventive process, the hard mask not protected by the patterned 

masking layer is removed from the structure utilizing a conventional etching process which 
is selective in removing the hard mask from the structure. The resultant structure that is 
formed after portions of the hard mask have been removed from the structure is shown, for 
example, in FIG ID. Note that the structure shown in FIG ID has end portions 21 of 
semiconductor body 12 that are not protected by patterned masking layer 20 which are 
exposed. 

[0046] After removing portions of the hard mask from atop the semiconductor body, contacts 
22 such as shown in FIG 1 E are formed into the exposed end portions (labeled as 21 in the 
drawings) of the semiconductor body by ion implantation or silicidation. It is also 
contemplated in the present invention to form one contact through Ion implantation and to 
form the opposing contact of the semiconductor body via silicidation. 

[0047] When ion implantation is employed in forming contacts 22 into exposed end portions 21 
of semiconductor body 1 2, the doping at this point of the present invention may be n-type 
or p~type. Alternatively, one exposed end portion of the semiconductor body may be doped 
with an n-type dopant, while the other exposed end portion of the semiconductor body may 
be doped with a p-type dopant. When contacts 22 are of the same dopant type which 
matches that of the previously formed doped region, a resistor is formed within the Fin. In 
cases wherein the exposed end portions of the semiconductor body are oppositely doped, 
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the Fin contains a diode therein, In yet another possibility where one end contact having a 
heavily doped region of a first conductivity type is formed via ion implantation and the 
opposing end contact having a different conductivity as the first conductivity type is formed 
via silicidation, a Schottky diode is formed within the Fin. 

[0048] The ion implantation employed at this point of the present invention is performed 

utilizing conventional ion implantation conditions well known to those skilled in the art. The 
ion implant energy and the dopant dosage used in forming the contacts may vary depending 
on the type of resistor element to be formed within the Fin, 

[0049] The silicide contacts are formed using a conventional silicidation technique well known 
to those skilled in the art, including forming a refractory metal such as Ti, Co, or W atop an 
exposed portion of the semiconductor body, heating the structure to a temperature 
sufficient to transform at least at portion of the region containing the refractory metal and 
exposed semiconductor body to a silicide, and, if needed, removing any unreacted refractory 
metal from the structure utilizing a conventional wet chemical etchant. Typically, the silicide 
is formed by heating the refractory metal/semi conductor body region to a temperature of 

about 550 ° C or greater for a time period of from about 30 seconds or greater. The 
silicidation is typically, but not always, carried out in the presence of an inert gas 
atmosphere such as He, Ar or a mixture thereof. In some embodiments, nitrogen may be 
used during the silicidation process. The use of a nitrogen ambient during silicidation is 
particularly employed when the refractory metal is Ti. In such a Ti silicidation process, TIN 
forms. 

[0050] In embodiments wherein various dopants are employed, or in instances were combined 
Ion implantation and silicidation is employed, one of the exposed regions of the 

semiconductor body may be protected by a mask during the formation-of one of the — 

contacts, and thereafter the mask is removed and a new mask is formed over the newly 
formed contact area. The second contact is formed and thereafter the new mask is removed 
from the structure, 

[0051] In an optional embodiment of the present invention, the patterned masking layer is 

removed from the structure utilizing a conventional etching process which is highly selective 
in removing the masking layer from the structure. The structure formed after this optional 
embodiment of the present invention is shown, for example, in FIG 1 F. 
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[0052] Connectors, nor shown In this particular set of drawings, may be formed to either the 
structure shown In FIG IE or IF utilizing conventional techniques including deposition of a 
conductive material and patterning. The connectors are formed to the contact regions so as 
to provide a passive semiconductor device. 

[0053] FIGS 2-3 are pictorial representations (thorough a cross-sectional view) showing various 
resistor layouts of the inventive Fin structure that are formed utilizing the above mentioned 
processing steps. In these drawings, reference numeral 22 represents contacts, reference 
numeral 25 is the doped Fin region, reference numeral lOu represents the insulator region 
of the substrate, reference numeral 27 represents the connectors, reference numeral 29 
represents a conductive masking layer and reference numeral 31 represents a nitride 
masking layer. Specifically, FIG 2 represents a Fin burled resistor layout; while FIG 3 
represents a Fin OP poly resistor layout. FIG 4 is a pictorial representation (through a cross- 
sectional view) showing an alternative resistor layout of the present invention in which an OP 
diffusion resistor layout is employed. 

[0054] The OP poly resistor is formed by blocking the silicidation of the middle part of the 
semiconductor body. By defining an OP shape, the semiconductor body will still see the 
source/drain implant of choice (i.e., n or p dopant), but the silicide will not form where the 
OP shape is defined due to the blocking nitride mask. The OP diffusion resistor is formed in 
nearly the same way as the BR; however, the BR will receive a different set of implants from 
the OP resistor. The OP resistor will see the standard source/drain implants. In the OP 
implementations, a nitride forms the blocking mask. In the BR implementations, a 
conductive material forms the blocking mask. 

[0055] It should be noted that the inventive Fin structure may be used as a component of a field 
effect transistor (FED that employs the inventive Fin structure as the current carrying 
channel of the FET. The FET structure is formed using conventional processing steps that are 
typically used in forming a FinFET structure. 

[0056] While the present invention has been particularly shown and described with respect to 
preferred embodiments thereof, it will be understood by those, skilled in the art that the 
foregoing and other changes in forms and details may be made without departing from the 
spirit and scope of the present invention. It is therefore intended that the present invention 
not be limited to the exact forms and details described and illustrated, but fall within the 
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spirit and scope of the appended claims. 
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